The UA9 Experiment at CERN-SPS investigates channeling processes in bent In this paper the procedures to make the detector operational and fully integrated in the UA9 setup are described. The most important standard operations of the detector are presented. They have been used to commission and characterize the detector, providing moreover the measurement of the integrated channeled beam profile and several functionality tests as the determination of the crystal bending angle. The calibration has been performed with Lead (Pb) and Xenon (Xe) beams and the results are applied to the flux measurement * corresponding author
the absorber (see Fig. 1 ), effectively reducing the beam losses in the sensitive areas of the accelerator [4, 5, 6, 7] .
In order to fully characterize this collimation system, it is essential to steadily monitor the flux of the halo particles deflected by the crystal towards the absorber. Typical crystal-extracted fluxes range from 10 5 up to 10 7 protons/s (i.e. 
The Cherenkov detector for proton Flux measurement
The CpFM detector has been devised as an ultra-fast proton flux monitor.
It has to provide measurements of the extracted beam directly inside the beam pipe vacuum, discriminating the signals coming from different proton bunches in case of multi-bunch beams, with a 25 ns bunch spacing. It is also able to stand and to detect very low ion fluxes (1-3 ions per turn). The sensitive part of the detector is located in the beam pipe vacuum in order to avoid the interaction of the protons with the vacuum-air interface, hence preserving the resolution on the flux measurement. All the design choices are explained in detail in [9] .
A conceptual sketch of the first version of the CpFM is shown in Fig read-out by an ultra-fast analog memory, the 8-channels USB-WaveCatcher [10] .
The first prototype of the detector was calibrated at the Beam Test Facility (BTF) of Laboratori Nazionali di Frascati with 450 MeV/c electrons and at the H8 external line of the North experimental area of CERN, with a 400 GeV proton beam [9] . The relative resolution on the flux measurement of the CpFM for 100 incoming electrons was assessed to be 15%, corresponding to a 0.63 photoelectron (ph.e.) yield per single particle [9] . The CpFM is installed in the SPS tunnel since 2015.
Electronic readout and DAQ system
The CpFM electronic readout is realized by the 8-channels USB-WaveCatcher board [10] . This is a 12-bit 3.2 GS/s digitizer; 6 other frequencies down to 0.4 GS/s are also selectable via software. Each input channel is equipped with a hit rate monitor based on its own discriminator and on two counters giving the number of times the programmed discriminator threshold is crossed (also during the dead time period corresponding to the analog to digital conversion process) and the time elapsed with a 1 MHz clock. This allows to measure the hit rate. Each input channel is also equipped with a digital measurement block located in the front-end FPGA which permits extracting all the main features of the largest amplitude signal occurring in the digitizer window in real time (baseline, amplitude, charge, time of the edges with respect to the starting time of the acquisition).
The WaveCatcher is triggered by the UA9 trigger (common to all the other UA9 instrumentation). This trigger signal is the SPS revolution signal (43 kHz) down-scaled by a factor of 1000 and synchronized with the passage of a filled bucket in LSS5. The acquisition rate corresponds to the trigger frequency (43 Hz). Three signals are acquired: two CpFM channels and the UA9 trigger itself.
The board is equipped with a USB 2.0 interface for the data transfer.
The off-line analysis used to characterized the CpFM signal and to perform the event identification [11] is mainly based on the output of the measurements block.
Procedures preliminary to data taking: readout settings optimization
Prior to every UA9 data taking a standard procedure is followed to prepare the detector for operation. It consists of checking the PMT gain stability and optimizing the gain of the PMTs and the settings of the WaveCatcher with respect to the characteristics of the beam to be measured.
PMT gain stability check
The reliability of flux measurements depends on the stability of the calibration factor for which in turn the stability of the PMT performance is fundamental. For this reason, before every UA9 data taking, the stability of the PMT gain is checked through a simple procedure. It consists in a high-statistic (10 5 ) data acquisition of the CpFM signals when the detector is located at the parking position (10 cm from the beam pipe center) and the beam in the SPS is already in coasting mode 1 . In this way, the amplitude distribution of the detector signals corresponds to the amplitude distribution of the background (Fig. 3) , the latter being mostly composed by single photoelectron (S ph.e ) events plus a long tail due to particles showering by interacting with the aperture restrictions of the machine. If the PMTs are not affected by any gain variation, for example by radiation damage, the S ph.e position in the amplitude distribution is unchanged. 
PMT gain optimization
While choosing the PMT gain for both proton and ion runs, the maximum expected flux has to be considered together with the photoelectron yield per charge and the WaveCatcher dynamic range. To determine the optimal gain is noticed that the saturation of the electronics occurs at 2.5 V.
The typical proton beam setup during UA9 experiments is a single 2 ns long bunch of 1.15 × 10 11 protons stored in the machine at the energy of 270 GeV [12] . For this beam intensity, the beam flux deflected by the crystal toward the CpFM ranges from 1 up to 200 protons per turn (every ∼23 µs), depending on the aperture of the crystal with respect to the beam center. In this case the optimal PMT gain is 5 × 10 6 corresponding to bias the PMT at 1050 V. When the PMT is operated at such a gain one single ph.e. corresponds to ∼15 mV (Fig. 3) ; considering the calibration factor (0.63 photoelectron yield per charge, measured at BTF and H8 line) the average amplitude of the signal produced by 200 protons is much lower than the dynamic range of the digitizer, allowing furthermore a safety margin of additionally 80 protons per pulse.
The typical ion beam setup during UA9 data taking consists in few bunches of 1.1 × 10 8 fully stripped Lead (Pb) or Xenon (Xe) ions [12] . As in the case of protons, the ion beam is in coasting mode at the energy of 270 GeV per charge. With such a beam intensity the ions to be measured by the CpFM per bunch and per turn is very low, from 0 to 3 ions. Nevertheless, since the Cherenkov light produced by a charged particle is proportional to the square of the charge of the particle, few ions can be enough to saturate the dynamic range of the electronics. Therefore the PMT gain has to be 1 to 2 orders of magnitude smaller than the gain used for protons.
The procedure followed for ions foresees to start with a bias voltage of 500 V, corresponding to a gain of ∼ 2.5 × 10 4 . Then, depending on the expected flux, it can be increased in steps of 100 V up to a maximum value of 700 V. This bias corresponds to a gain of ∼ 2.5 × 10 5 , at which a flux of more than 1 ion per turn results, according to the calibration factor, in the saturation of the electronics.
WaveCatcher settings optimization
In the following the optimal readout electronic settings are discussed with respect to the characteristics of the signal to be sampled.
Sampling frequency and digitizer window lenght. Since the PMT reading out the CpFM signal is very fast (rise time 1.5 ns), the highest sampling frequency, 3.2 GS/s, represents the best choice because it allows for a better reconstruction of the signal shape.
To use the 3.2 GS/s sampling frequency a fine synchronization of the CpFM signals and the UA9 trigger is needed, the digitizer being started by the latter.
The choice of the sampling frequency and therefore of the window length, defined as 1024 sample points divided by the sample frequency, is also influenced by the setup of the beam. For example, with an ion beam in multi-bunch mode it could be useful to first study all the bunches and then choosing to sample and to reconstruct more precisely only one of them (see Fig. 4 ). In this case, first the 400 MS/s sampling mode has to be selected in order to have an overview of all the bunches. Using then the 3.2 GS/s mode and playing with the on-board trigger delay parameter, it is possible to center the window of the digitizer around the selected bunch. Moreover, having just one bunch in the digitizer window is essential to directly use the measurement block of the WaveCatcher.If more peaks are present in the same digitizer window, the measurement of the average parameters of the signal shape would be biased. Hit rate monitor threshold. The hit rate monitor cannot be used to count the channeled particles because, if the beam is well bunched, they are deflected at the same time (or more precisely within the 2 ns of the bunch), producing a single signal shape proportional to their number. Nevertheless, the hit rate monitor can be effectively used to quickly find the channeling orientation of the crystal or to align the CpFM with respect to the beam. In this case the CpFM has to detect only changes in the counts rate. The absolute value of the rate is not important and thus the threshold of the hit rate monitor can be kept just over the electronic noise, corresponding to the pedestal of the amplitude distribution of the background shown in Fig. 3 .
An in-situ calibration strategy with ion beams
The SPS ion runs at the end of each year offer a possibility to calibrate in situ the detector. In fact in this case, the ph.e. yield per ion allows an excellent discrimination of the signal coming from 1, 2 or more ions.
The Cherenkov light produced by a single ion of charge Z is Z 2 times the light produced by a single proton. For example, as the charge of a completely stripped Lead (Pb) ion is 82, the light produced by a single ion is equal to 6724 times the light produced by a proton. During SPS ion runs for the UA9 experiment, each Pb ion charge is accelerated to 270 GeV, exactly as in UA9 proton beam runs. Identifying the amplitude signal corresponding to a single ion (A P b ), the photoelectron yield per proton (y) can be obtained by:
where the S ph.e (mV) depends on the PMT and it can be obtained fitting the amplitude distributions in Fig. 3 and rescaling it to the PMT gain used for to the one of the CpFM prototype tested at the BTF. This was due to a problem during the installation investigated and solved during the winter SPS shut-down [13] . The efficiency ( ) of this version of the detector is well described by an upper cumulative distribution function of a Binomial distribution B(k, n, p), being n the real number of incoming protons to be detect, k the total number of photoelectrons produced by the n protons and p the single proton efficiency of the CpFM:
Using this model with p = y CpF M , the expected number of photoelectrons (k) produced per n protons can be determined. Multiplying k by the value in mV of one ph.e (corresponding to the peak in Fig. 3 at 1050 V) and comparing the result with the amplitude of the electronic noise ( < 6 mV at 1050 V) is thus possible to assert that the CpFM is effective in counting the incoming protons if n > 6 for the CpFM 1 and n > 2 for the CpFM 2.
Commissioning and operations
In this section the most common operations in which the detector is involved are described. During the commissioning phase they were also used to validate the functionality of the detector, allowing the measurement of some well know channeled beam and crystal characteristics.
The crystal assisted collimation prototype is composed essentially by the crystal bending in the horizontal plane and the absorber (Fig. 1) . The crystal acts as a primary collimator deflecting the particles of the halo toward the absorber ( 65 m downstream the crystal area) which has the right phase advance to intercept them and represents the secondary target. The CpFM is placed downstream to the crystal ( 60 m) and intercepts and counts the particles before they are absorbed. More details about the UA9 setup and procedure to test the crystal collimation can be found in [3] .
Standard operation: angular scan
The angular scan of the crystal is the UA9 standard procedure through which the channeling orientation of the crystal is identified and the experimental setup becomes operational. It consists in gradually varying the orientation of the crystal with respect to the beam axis, searching for the planar channeling and volume reflection 2 regions [14] , while the crystal transverse position is kept constant. When the optimal channeling orientation is reached, the number of inelastic interactions at the crystal is at minimum and the number of deflected particles is at its maximum. Consequently the loss rate measured by the BLMs close to the crystal should show a suppression while in the CpFM signal rate a maximum should appear.
In Fig. 6 the angular scan of the UA9 crystal 1 during a proton run is shown.
It is displayed both by the BLMs and the CpFM (CpFM position is such that both the bars intercept the whole channeled beam when the crystal is in the optimal channeling position). The first and the last angular regions (angle< -2700 µrad and angle>-2400 µrad) correspond to the amorphous orientation. As expected, here the loss rate registered by the BLMs is maximum while the CpFM signal rate is minimum. After the first amorphous region, the channeling peak appears (around angle of -2620 µrad) as a maximum in the CpFM rate and as minimum in the BLMs rate. Just after, only in the BLMs signal, the volume reflection area is clearly visible. In this angular region the particles experience a deflection to the opposite side with respect to the planar channeling deflection.
For this reason volume reflection is not detectable by the CpFM except as a slight reduction in the background counts. Although the BLMs rate profile is an effective instrument for the estimation of the best channeling orientation, it is based on beam losses and is generally less sensitive than the CpFM rate profile which on the contrary measures directly the presence of channeled protons.
Standard operation: Linear scan
The CpFM linear scan is the standard procedure needed to identify the aperture and a sharp spike is observed in the rate monitor of the WaveCatcher.
A slower linear scan (linear motor speed 10 µm/s) is instead performed when the crystal is already correctly oriented to extract the halo particles. Moving the detector further inside the signal increases: initially it increases with a slow rate since the first bar intercepts the dechanneled 3 particles, and then exponentially, when also particles interacting with the crystal as it was in the amorphous orientation are intercepted 7(a). These particles underwent multiple Coulomb scattering inside the crystal and thus they are displaced with respect to the beam core by few µrad. The CpFM 2 detects the same particle flux but with a spatial displacement of 5 mm with respect to the CpFM 1, being exactly 5 mm the distance between the two bars edges.
Channeled beam profile
In the channeleing plateau, the linear scan shown in Fig. 7 (b) basically corresponds to integrate the channeled beam profile in the horizontal plane. Therefore it can be fitted with an error function:
Where σ is the standard deviation of the Gaussian beam profile, c is the center of the channeled beam with respect to the primary one and A and K are constants related to the channeling plateau value and the background value.
In Fig. 7 
Crystal bending angle and angular spread of the channeled beam at the crystal position
The results of the fits performed on the integrated beam profiles in Fig. 7(b) provide two additional functionality tests of the detector allowing to derive channeled beam and crystal characteristics already well known.
long they are kept in the channeling state before they lose it procedure can be found in [11] . When x CpF M = c, the equivalent kick θ k corresponds to the bending angle of the crystal θ bend . Using the value of c as extrapolated by the fit (see Fig. 7(b) ) it is now possible to determine θ bend corresponding to the crystal used during the scan: θ bend = (167 ± 6) µrad. Its bending angle was previously measured by means of interferometric technics (Veeco NT1100) and resulted to be 176 µrad. The slight discrepancy with the CpFM indirect measurement of the bending angle could depend on the imprecise evaluation of the primary beam center during the CpFM alignment procedure, not accounted in the error.
Using the value above and the value of the σ of the channeled beam obtained by the fit shown in Fig. 7(b) , it is also possible to extrapolate the angular spread of the particles exiting the crystal. It can be derived subtracting the equivalent kick for x CpF M = c±σ from θ bend , corresponding to the equivalent kick calculated in the center c of the channeled beam:
applying the Eq. 5 to the fit results in Fig. 7(b) , the angular spread has been evaluated to be: θ spread = (12.8 ± 1.3) µrad.
The angular spread at the exit of the crystal is directly connected to the critical angle value which defines the angular acceptance of the channeled particles at the entrance of the crystal. Therefore the angular spread should be comparable with respect to the critical angle. From theory [14] , for 270 GeV protons in Si θ c is 12.2 µrad 4 . It can be then asserted that the angular spread derived by the fit results and the critical angle computed from the theory are well comparable.
Flux measurement
The detector position optimal for the measurement of the channeled particle SPS trigger, since the data acquisition electronics is not fast enough (< 1 kHz).
A faster electronics, matching the revolution frequency of the machine, could strengthen the detector capability in studying the impact of the listed factors on the crystal halo extraction.
6. CpFM 2.0: in-situ calibration with Xenon ions and first case study
During the winter shut-down of 2016, the layout of the CpFM detector was modified. In order to improve the detector efficiency the fiber bundles were removed. Only one PMT was directly coupled to the viewport and in such a way that the transversal cross section of both bars is covered. The fibers bundle was indeed responsible for a reduction factor of 10 in the light yield per proton. Moreover CpFM 1 and CpFM 2 bars were inverted, the latter being better polished and thus more efficient. In December 2017, the second version of the factor dependent only on the charge Z (for more detail see [11] CpFM detector was calibrated with a 270 GeV/charge Xenon (Xe, Z = 54) ion beam using the same procedure described in Sec. 4. In Fig. 9 the signal amplitude distribution focused on the Xenon ion events is shown. It is referred to a data taking performed during a crystal angular scan when only the inner bar intercepted the channeled beam. Beside the main peak due to Xe ions, two other structures appear. They are associated with fragments of charge Z=53 and Z=52 respectively, produced when the crystal is not in the optimal channeling orientation. Using the results of the fit, the new calibration factor is derived:y CpF M = 2.1 ± 0.2 (ph.e/p). As expected it results improved by a factor of 10 with respect the old version of the detector.
After the calibration, the detector was used to observe the particle popula- Only a pedestal cut (signal amplitude < 5 mV has been applied.
neled and deflected onto the collimator. The CpFM were thus inserted to detect the channeled beam after the passage through the collimator. The measurement was repeated retracting the collimator. The results are shown in Fig. 10 The
CpFM successfully discriminated the low-Z particle population (mostly Z <6)
resulting from the fragmentation of Xe ions inside the collimator from the Xe ions themselves.
Conclusion
The CpFM detector has been developed in the frame of the UA9 experiment The CpFM offers an interesting chance to investigate halo beam dynamics in the crystal-extraction process at the µs scale but the current data acquisition represents a limit. A faster data acquisition system, matching the revolution frequency of the SPS machine (43kHz), could strengthen the detector capability to study and characterize crystal-extraction in a circular machine.
